This study investigates the role of representational competence in student responses to an assessment of hydrogen bonding. The assessment couples the use of a multipleselect item ("Choose all that apply") with an open-ended item to allow for an examination of students' cognitive processes as they relate to the assignment of hydrogen bonding within a structural representation. Response patterns from the multiple-select item implicate heuristic usage as a contributing factor to students' incorrect responses. The use of heuristics is further supported by the students' corresponding responses to the open-ended assessment item. Taken together, these data suggest that poor representational competence may contribute to students' previously observed inability to correctly navigate the concept of hydrogen bonding. V C 2017 by The International Union of Biochemistry and Molecular Biology, 45(5):411-416, 2017.
Introduction
In biology and chemistry, intermolecular forces contribute to our understanding of molecular interactions and play a major role in cellular structure and recognition. Hydrogen bonding, in particular, plays an integral role in chemical and biological processes, notably in biochemical structure and function. As with all intermolecular forces, it is crucial that students develop a strong understanding of hydrogen bonding in order to understand biochemical phenomena.
Recent assessments of student understanding regarding hydrogen bonding have revealed a significant shortcoming, specifically the inability to correctly attribute hydrogen bonding to appropriate parts of chemical structures. In order to address these student shortcomings, it is necessary to fully investigate the processes by which these misconceptions are constructed in order to target instruction appropriately. Therefore, this study examines student usage of a structural representation in order to determine the role that cognitive processes, such as representational competence and heuristics, may play in the formation of misconceptions associated with hydrogen bonding.
Background
Meaningful learning requires that students purposefully connect new information to prior knowledge or experiences [1, 2] . In biology and physics, a student is often able to derive false, intuitive theories from their personal experiences with the world [2] . Chemistry at the microscopic level can rarely be experienced firsthand, so a student's classroom experiences more strongly influence their chemistry misconceptions [2] . According to Nakhleh (1992) , misconceptions are "any concept that differs from the commonly accepted scientific understanding of the term" [3] . In addition to previous experiences, misconceptions are caused by a lack of information, teacher misconceptions, and memorization-oriented learning [2] . Traditional hydrogen bonding instruction may be a cause for misconceptions held by students. Typically, this concept has been explained as a complex set of rules based on electronegativity, periodic trends, and descriptions of atomic and molecular behavior [4, 5] .
Studies have proposed that the most common misconception held by students is that hydrogen bonding is synonymous with covalent bonding-in that many students believed that hydrogen bonding occurs within molecules rather than between molecules [6] [7] [8] [9] [10] . Students also are likely to believe that covalent bonds are broken during phase changes [4, 11] . Another fairly common misconception found in research is hydrogen bonding is any bond that involves hydrogen [9, 12, 13] . One study found that many students believe that any polar molecule can form hydrogen bonds [9] , while another study discovered that students thought hydrogen bonding could be induced [4] .
While experts are capable of resolving discrepancies in their schemas [14] , students may not reach the level of metacognitive awareness necessary to resolve conflicting ideas within their schemas [15] . Many instructors are not particularly aware of student misconceptions. One study found that 9 of 23 participants were unable to provide specific examples of chemistry misconceptions held by students [12] . Although it is important to identify misconceptions in order to plan instruction that promotes meaningful learning [16] , current research on student understanding of hydrogen bonding has focused narrowly on misconceptions.
Although prior studies have focused on identifying misconceptions, studies have also found that students tend to apply prior knowledge [17] and to rely on heuristic approaches and surface-level features to solve hydrogen bonding problems [18, 19] . To address student misconceptions, their thinking and approach to problems must also be confronted. Garvin-Doxas et al. writes, ". . .a new concept cannot be learned until the student is forced to confront the paradoxes, inconsistencies, and limitations of the mental model that already exists in the student's mind" [20] . In order to develop interventions to prevent misconceptions, the heuristics students use must be identified.
Dual Process Theory suggests that people can engage in two discrete types of reasoning: Type 1 and Type 2 Reasoning [21, 22] . Type 1 Reasoning is a series of shortcuts that students use to arrive at an answer quickly without deeply thinking about the solution and is likely the default response of the human cognitive system. On the other hand, Type 2 Reasoning requires slow, critical thinking to arrive at a solution. Mathematics, physics, and chemistry education studies have suggested that students' answers are often the result of Type 1 reasoning [23] . The use of Type 1 Reasoning, or heuristics, can lead to a multitude of wrong answers and misconceptions.
Research Questions
Specifically, this work explores the following research questions:
What role does the use of an external (structural) representation play in students' responses to assessments focusing on hydrogen bonding? What role does heuristic reasoning play in students' responses to assessments regarding hydrogen bonding?
Methodology
A multiple-select format assessment item (i.e. "select all that apply") was used to examine students' perceptions regarding a simple structural representation. The participants (N 5 86) in this study were enrolled in an undergraduate, sophomore-level Cell and Molecular Biology class in the Fall of 2015 at large, private northeastern university. Students enrolled in the course were primarily majors in biology and biochemistry. As part of the course final examination, students were presented with a simple (Lewis) structure for acetic acid and prompted to select all atoms in the structure that could form hydrogen bonds with water ( Fig. 1 ). This question was followed immediately by an open-ended prompt asking students to explain the reasoning for their answers to the preceding multiple-select item.
The responses to the multiple-select item and openended question were transcribed into Microsoft Excel and the multiple-select data were examined for frequently recurring patterns. Common response patterns were first sorted and clustered and each pattern was noted for its frequency of occurrence. The accompanying open-ended responses were then examined through the lens of heuristics usage. Specific statements within the responses were assigned according to the 10 heuristics proposed by Talanquer [23] . After preliminary examination of all open-ended responses, only six of the ten heuristics, as well as nonheuristic reasoning, were used to analyze this dataset. The remaining four heuristics, Processing Fluency, Rigidity, Overconfidence, and Affect, address issues of affective Structural representation of acetic acid with numeric response labels assigned to each atom in the structure.
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judgement or cognitive processing that could not be directly measured from the responses generated in this study. The resulting coding scheme is presented in Table 1 .
To determine the inter-rater reliability of the coding scheme, both authors coded a subsample of 35 open-ended responses which initially yielded an inter-rater agreement of 81%. Sources of disagreement were discussed between the authors and the coding scheme was further refined. After discussion, the inter-rater agreement for the same subsample yielded a value of 89% with a Cohen's Kappa value of 0.642, which qualifies as substantial agreement [24] . The remaining responses were then fully coded by a single author (KM).
Results and Discussion
To assess students' understanding of hydrogen bonding in the context of a structural representation, an assessment item was used in an undergraduate Cell and Molecular Biology course to measure students' interpretation of a Lewis structure representation of acetic acid (Fig. 1 ). This assessment item focused on acetic acid at an atom-by-atom level by asking those students to identify all atoms within the structure that would form hydrogen bonds with water. All of the various response patterns are listed in Table 2 along with their frequency of occurrence. The values listed in the response pattern column correspond to the labeling of each atom as shown in Fig. 1 . As seen in Table 2 , when asked to identify atoms that can form hydrogen bonds with water, approximately one-quarter (26.7%) of students were able to give the full correct answer (Cluster N). These data are consistent with previous measurements of student understanding of hydrogen bonding [9, 25] . Villafane et al. observed that students demonstrate poor understanding of hydrogen bonding and have attributed this poor showing to underlying student misconceptions, primarily the idea that "all hydrogens are capable of hydrogen bonding" [9] . In contrast, however, Henderleiter et al. observed that students are generally competent at predicting the occurrence of hydrogen bonds and that misconceptions, while present, are not prevalent [4] .
By examining student responses to questions that probe at a finer-grained (atom-by-atom) level, the multiple-select question used in this study allows for a more direct observation of students' use of the structural representation and provides a new and different framework for examining the presence of misconceptions. For instance, the previously observed misconception that students believe "all hydrogens are capable of hydrogen bonding" [9] can be correlated to Cluster H (atoms #1, 2, 4, & 8) , in which all of the hydrogens in the structure, but no other atoms have been selected. However, based on the frequency of this response pattern (2.33%), it seems unlikely that this misconception is a significant contributing factor to observed student shortcomings on this and earlier assessments. Even allowing for responses that include hydrogen exclusively but do not account for every hydrogen (Cluster I and Cluster T), the collective frequency of responses only rises to 5.81%. Further examination of students' responses to the multiple-select question provide clues as to what processes might be in play as they consider the idea of hydrogen bonding. Besides the correct answer (Cluster N) at 26.74%, the most prevalent patterns selected were Cluster E (20.93%) and Cluster O (13.50%). The nature of these responses provides a possible clue as to the processes employed by students in answering this question. Cluster E accounts for all atoms in the structure except for the two carbons. In the case of Cluster O, the only atoms selected are the two oxygens. In both cases, the answers are consistent with the use of a simple rule-based strategy, for example "only O atoms" or "any atom except C". The possible use of a rule-based strategy implicates heuristics as a possible explanation for students' incorrect responses to this and other hydrogen bonding questions [19] .
To examine the possible role of heuristic reasoning in student responses to this hydrogen bonding question, the multiple-select item was accompanied by an open response item that asked students to explain the reasoning for their multiple-select answers. Talanquer's "Ten Heuristics to Tame" was used as the basis for developing an axial coding scheme [23] . Based on the final scheme developed by the raters, only 6 of the 10 heuristics were used to describe the students' open responses, as well as type 2 reasoning which is indicative of higher ordered thinking ( Table 1 ). As part of the refinement of the coding scheme between the two raters, certain clarifications needed to be made. For example, associative activation was coded when students justified their responses to Part A by writing about hydrogen bonding being within a molecule, oxygen's lone pairs, or water forming as a result of hydrogen bonding. If a student used a single rule to explain their decisions in Part A, these responses were coded as one-reason decision making. One-reason decision making was coded when students used phrases like "Carbon can't Hydrogen bond" to justify their responses. If students compared portions of the acetic acid structure to water's structure, surface similarity was coded. Recognition was coded when students stated that Hydrogen, Fluorine, Oxygen, and Nitrogen were collectively the only elements capable of Hydrogen Bonding. Type 2 reasoning was coded when students discussed how the electronegativity difference between two atoms created partial charges that would be attracted to the partial charges Two Reasoning  2  13  1   Total  23  29  18   TABLE 2   TABLE 3 Biochemistry and Molecular Biology Education of water. Given the open-ended nature of the responses, several responses elicited multiple heuristic codes. In telling contrast, there was no simultaneous occurrence of heuristic codes in student responses that were consistent with higher-order reasoning (Type 2 Reasoning).
In the case of Clusters E (all atoms except carbon) and O (only oxygen atoms), the dominant heuristics are Associative Action and One-Reason Decision Making (Table 3 ). In the case of Cluster E, 13 of 18 responses coded for One-Reason Decision Making and 5 of 18 responses were coded for Associative Action. For Cluster O, 6 of 12 responses were coded for One-Reason Decision Making and 5 of 12 responses were coded for Associative Action. Type 2 reasoning also appeared in each of these sets of responses, albeit at much lower frequency. Cluster E had 2 of 18 responses that were coded as Type 2 reasoning while Cluster O had a single occurrence out of 12 responses. The alignment of these heuristics to their respective multipleselect clusters illustrates a reasonable likelihood that students are falling back onto a heuristic approach rather than a more nuanced reasoning and that this dependency on heuristics is a significant factor in students' poor performance on this and other assessments that deal with hydrogen bonding in the context of a structural representation.
A closer inspection of the most frequently occurring clusters (Table 3) shows that while the correct answer (Cluster N) is frequently supported by Type Two Reasoning, the relationship is not an exclusive one. A significant fraction of Cluster N responses (9 of 23) was coded as One-Reason Decision Making. Within the context of responses that correspond to the same outcome (the correct response in this particular instance), the distinction between these two types of reasoning can be seen in the excerpts presented below: Type Two Reasoning "Atoms 5, 7, and 8 are either electronegative enough (5 and 7) that they are drawing neighboring electrons closer to themselves, creating a partial negative charge that can interact with partially positive hydrogens on other molecules, or are hydrogen atoms (8) bonded to electronegative atoms. A hydrogen atom so close to very electronegative atoms like oxygen have their electrons partially drawn away from them, giving them a partial positive charge that can interact with and attract negative charges on other molecules, AKA participate in hydrogen bonding."
One-Reason Decision Making "Carbon does not form H bonds. Hydrogens 1, 2, 4 are bonded to carbon and have no significant dipole making them unable to H-bond. Oxygen 5 and 7 have a partial negative allowing them to interact with the partial positive of H in water. Hydrogen 8 has a partial positive allowing it to interact with the partial negative on the oxygen of water." The Type Two Reasoning example articulates the relationship between atoms and provides a rationale for the existence of partial charges on each of the atoms in question. In contrast, the One-Reason Decision Making example appears to employ an array of simple declarative statements (e.g. "Carbon does not form H bonds") that are collectively employed to describe the behavior of the structure as a whole but arrives at a correct answer nonetheless. The upshot of this observation is that, even within the broader scope of these assessment responses, correct answers are not necessarily commensurate with comprehension or sophisticated thinking.
Conclusions
In this study, we have demonstrated the use of a multipleselect assessment format to provide a complementary approach for assessing students' understanding of hydrogen bonding. The finer granularity and broader dynamic range of multiple-select assessments, as compared to multiplechoice items, reveals information about student use of external representations in service to their understanding of hydrogen bonding. Specifically, the patterns of frequent, erroneous responses implicate heuristic usage as a likely factor contributing to poor performance on this and likely other hydrogen bonding assessments.
By coupling a multiple-response assessment with an open-response question, we have been able to examine possible linkages between heuristic usage and representational competence.
Qualitative coding of open-ended responses yields relationships that are consistent with a heuristic coding framework. Based on this heuristic framework, specific response patterns on the multiple-select assessment correspond strongly to observable heuristic categories and appear to be indicative of heuristic processes employed during consideration of the hydrogen bonding concept.
Several studies have noted the importance for students to understand intermolecular forces and their role in observable chemical phenomena [4, 7, 13, 19, 26, 27] . Assessments regarding these phenomena have, thus far, been directed towards analyzing students conceptual understanding of the phenomenon. However, it is important that attention also be paid to how auxiliary use of representations influences students' conceptual understanding [28] . Students' engagement with the structural representation employed in this study and its apparent connection to heuristic usage raises a larger concern. Could the use of representations in assessments be inducing detrimental behaviors in poorly performing students? In this regard, it is interesting to note that the one study in which students demonstrate credible conceptual understanding of hydrogen bonding did not employ structural representations in the assessment prompts [4] . The usage of structural representations, such as Lewis structures, is commonplace throughout chemistry and biochemistry instruction. However, it has been noted that prior knowledge influences students' abilities to develop meaning and use from representations [29] . It is possible that students drawing upon only a surface-level familiarity with structural representations are unable to use the representation within an appropriate context and are simply relying upon recognition, which invokes retrieval of specific information about a studied item [13] . This recognition, in conjunction with the added time pressure of assessments, may be exacerbating student dependence upon heuristic strategies. The implications of this possibility point to a need to address students' representational competence as well as their conceptual knowledge [28, [30] [31] [32] [33] [34] . If left unaccounted, students' lack of representational competence and reliance on heuristic strategies will likely confound future attempts to improve instruction and assessment.
